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Small non-coding RNAsFreshwater planarian ﬂatworm possesses an extraordinary ability to regenerate lost body parts after ampu-
tation; it is perfect organism model in regeneration and stem cell biology. Recently, small RNAs have been
an increasing concern and studied in many aspects, including regeneration and stem cell biology, among
others. In the current study, the large-scale cloning and sequencing of sRNAs from the intact and regenerative
planarian Dugesia japonica are reported. Sequence analysis shows that sRNAs between 18nt and 40nt are
mainly microRNAs and piRNAs. In addition, 209 conserved miRNAs and 12 novel miRNAs are identiﬁed.
Especially, a better screening target method, negative-correlation relationship of miRNAs and mRNA, is
adopted to improve target prediction accuracy. Similar to miRNAs, a diverse population of piRNAs and
changes in the two samples are also listed. The present study is the ﬁrst to report on the important role of
sRNAs during planarian Dugesia japonica regeneration.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Planarians possess signiﬁcant regenerative abilities provided by a
population of stem cells called neoblasts. Neoblasts comprising
~30% of the cells in an adult planarian can induce regeneration after
amputation [1,2]. After injury, neoblasts migrate to the wound region
and proliferate. Their progeny eventually differentiates to replace
missing structures [3,4]. Recently, studies on planarian regeneration
have received extensive attention [5–9]. Speciﬁcally, the genome
draft of the planarian Schmidtea mediterranea was published in 2008
[10]. However, studies on the other planarian Dugesia japonica are
limited. D. japonica is a common planarian organism in East Asia
that exhibits a strong regenerative ability. In the present study, D.
japonica is studied and compared with S. mediterranea by discovering
and identifying its small RNAs (sRNAs).
In recent years, non-coding sRNAs (NCSRs) have played important
roles in almost all biological processes, including cell proliferation,
apoptosis, differentiation, and signal transduction [11–14]. NCSRs
mainly regulate mRNAs at the post-transcriptional level by banding
mRNAs directly, wherein microRNAs (miRNAs) and Piwi interacting
RNAs (piRNAs) are important elements. miRNAs are ~22-nucleotide
long non-coding RNAs that regulate mRNA expression at the post-
transcriptional level by either endonucleolytic cleavage or transla-
tional inhibition [15]. miRNAs are evolutionarily conserved. Inrights reserved.animals, incomplete pairing strategy is adopted to banding mRNA.
The 2-8nt of its 5′ end is termed “seed sequence.” The seed sequence
is strictly paired with the mRNA; both ORFs (Open reading frames)
and 3′-UTR (3′-untranslated region) may sometimes be the target
points of miRNAs [16]. piRNAs are newly discovered NCSRs; they
are a population of ~32-nt sRNAs expressed in germ cells, and are re-
sponsible for germ line integrity preservation in mammals and ﬂies
[17,18]. In S. mediterranea, piRNAs are mainly expressed in neoblasts
to maintain stem cell activities [19,20]. Piwi proteins participate in
piRNA biogenesis and function. In addition, the family of Piwi has
been discovered in planarians.
NCSRs have been discovered and identiﬁed in S. mediterranea
[19–22]. However, little is known about the background of sRNAs in
D. japonica. Previous studies focused on the neoblasts andmiRNA pro-
ﬁling changes in untreated and irradiated D. japonica. Studies focus-
ing directly on the regeneration process of D. japonica are lacking;
thus, important miRNAs or piRNAs involved in the regeneration pro-
cess of this species are unknown. In the current study, D. japonica is
studied conveniently through experiments to discover sRNA proﬁling
and differences between intact and regenerating animals 3 d after
amputation. Studies on the NCSRs of D. japonica are lacking; thus,
the current study aims to identify the NCSRs present in this species
(speciﬁcally miRNAs and piRNAs), and determine which NCSRs have
important roles in the regeneration process through the analysis of
the NCSR changes between intact and regenerating animals. In addi-
tion, the current study aims to discover the changes in the two pla-
narians through their NCSRs, and establish a correlation with
mRNAs through miRNA target prediction.
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emerged as a usual approach in discovering a large number of gene
sequences. This strategy has been adopted to obtain genome, tran-
scriptome, and sRNAs [23,24]. Several millions of short reads could
be obtained through sRNA sequencing. In the current experiment,
209 conserved miRNAs and 12 novel miRNAs and thousands of piR-
NAs were obtained and identiﬁed in 27 million high quality reads.
Many fold-change miRNAs were obtained by comparing the intact
and regenerative samples; their targets were analyzed.
2. Materials and methods
2.1. Animals
Planarian organisms used in the present experiment were asexual
specimens of D. japonica. The organisms were maintained at 19 °C,
cultured in deionized water, and fed twice each week with
earthworms. Study organisms were starved for 1 week prior to
experimentation.
2.2. RNA isolation and library preparation for sequencing
Total RNA was isolated using the SV total RNA isolation system
(Promega) in accordance with the manufacturer's protocol. RNA
characteristics were conﬁrmed using the 2100 Bioanalyzer (Agilent
Technologies). Gel electrophoresis was applied to isolate sRNAs be-
tween 18nt and 40nt. The isolated sRNAs were then sequentially li-
gated to RNA/DNA chimeric oligonucleotide adapters, reversely
transcribed, and ampliﬁed through PCR (polymerase chain reaction).
Finally, Solexa sequencing technology was employed to sequence the
sRNAs from the two samples (BGI, Shenzhen China).
2.3. Identiﬁcation of conserved and novel miRNAs
The raw sequences were processed using PHRED and CROSS
MATCH programs as previously reported [35–37]. After removing
the vector sequences, trimmed sequences longer than 17nt were
used for further analyses. First, rRNA, tRNA, snRNA, and snoRNA, as
well as RNAs containing the polyA tail, were removed from the
sRNA sequences. The remaining sequences were compared against
the NCBI Genbank database and Rfam9.1 database. Subsequently,
unique sRNA sequences were used in the Blastn search against the
miRNA database (miRBase 16.0) to identify conserved miRNAs in
D. japonica. Only perfectly matched sequences were considered con-
served miRNAs. To study potential miRNA precursor sequences, the
identiﬁed planarian mature miRNA sequences were used for the
Blastn searches against S. mediterranea genome and D. japonica tran-
scriptome and ESTs (expressed sequence tags). The fragments pos-
sessing stem-loop structure were considered miRNA precursors.
Speciﬁcally, dominant and mature sequences residing in the stem re-
gion of the stem-loop structure and ranging between 20nt to 22nt
with a maximum free-folding energy of −25 kcal mol−1 were con-
sidered. After removing the conserved miRNA sequences, the remain-
ing small RNA sequences were used to perform Blastn searches
against S. mediterranea genome and D. japonica transcriptome and
ESTs to obtain precursor sequences for novel potential miRNAs. The
selected sequences were then folded into a secondary structure
using RNA-folding program mFold. If a perfect stem-loop structure
was formed, the small RNA sequence was sit at one arm of the stem,
and other criteria were followed; this sRNA was considered as one
novel miRNA.
2.4. Mapping of sRNA
The sRNA tags were mapped to genome via the short oligonucleo-
tide analysis package (http://soap.genomics.org.cn/) to analyze theirexpressions and distributions on the genome, transcriptome, and
ESTs [38]. The program was performed using the following parame-
ters: soap -v 0 -r 2 -s 7 -p 7 -a clean.fa -d ref_genome.fa -o
match_genome.soap.
2.5. qRT-PCR (quantitative real time PCR)
The novel planarian miRNAs were validated via qRT-PCR using a
well-developed strategy. The applied SYBR Green microRNA method
was adopted to detect and compare the expression levels of miRNAs
in planarian leaves. SYBR Green-based real time quantiﬁcation of pla-
narian miRNAs includes the following important steps: reverse tran-
scription reaction and real time quantitative PCR reaction [28]. In
the present study, 12 novel miRNAs were validated using qRT-PCR.
In the reverse transcription reaction, mature miRNAs were reversely
transcribed into cDNAs using a miRNA-speciﬁc stem loop RT (reverse
transcription) primer and reverse transcriptase. In the qRT-PCR reac-
tion, the novel miRNAs were analyzed using miRNA-speciﬁc primers
(forward and reverse primers) [28]. The stem loop RT primers were
designed by the present authors and purchased from GENEWIZ. The
RT and qRT-PCR assay kits were purchased from TaKaRa.
miRNA reverse transcription reactions were performed in 200 μL
PCR tubes with 20 μL reaction solution each. The miRNA reverse tran-
scription reactions were incubated in an Eppendorf Mastercycler
(Eppendorf North America, Westbury, NY). The RT-PCR temperature
program was adjusted and run for 15 min at 42 °C, 5 s at 85 °C, and
then 4 °C until future use. For each miRNA, three biological replicates
were performed. After reverse transcription, the products of each re-
action were diluted 1000 times to avoid potential primer interference
in the following qRT-PCR reaction, was performed in an Eppendorf.
The reactions were incubated in a 96-well plate at 95 °C for 3 min,
followed by 45 cycles of 95 °C for 10 s, 60 °C for 20 s, 72 °C for 20 s,
and 78 °C for 20 s. After the reactions were completed, the threshold
was automatically set, and the threshold cycle was automatically
recorded. All reactions were conducted in three replicates for each
sample.
3. Results
3.1. Small RNA sequencing and mapping
To detect sRNA different expression in intact and regenerative an-
imals, we prepared two RNA libraries to sequence in this study. Two
libraries from RNAs isolated from intact and regenerative animals
were prepared 3 d after amputation. From electrophoretic gels, two
distinct peaks at nucleotides ~22 and ~32 (data not given) were
found. A similar ﬁnding was revealed in S. mediterranea. The length
of miRNA is ~22nt; thus, the peak account for the miRNA group was
considered [13]. Palakodeti et al. suggested that the ~32nt peak
should be piRNAs in S. mediterranea [19]. And we believe that similar
condition should occur in D. japonica. The gel between 18nt and 40nt
in length was puriﬁed to obtain more sRNA sequences and enrich the
libraries for miRNAs and piRNAs.
Using the next-generation sequencing technology, 12,848,114 and
14,088,359 clean reads were obtained from intact and regenerative li-
braries, respectively, after ﬁltering the impurities and reads of lengths
smaller than 18nt. The length distribution of the reads (Fig. 1) was
analyzed, and two peaks in the proﬁles of sRNAs were observed as
aforementioned. Among these sequences, the number of ~22nt and
~32nt reads was signiﬁcantly greater than the other sequences and
accounted for 10.04% vs. 7.85% and 86.44% vs. 88.22% of the total se-
quence number of the intact sample vs. regenerative sample
(Fig. 1). Moreover, analysis of all clean reads revealed 6,946,820
unique sRNAs, including 1,192,151 common reads, 25,922,272 spe-
ciﬁc reads for intact sample, and 31,623,397 speciﬁc reads for re-
generative sample (Table 1).
Fig. 1. Histogram presentation of sequence-length distribution for clean reads in two
samples. The x-axis indicates sequence sizes from b18nt to >40nt. The y-axis indicates
the percent of reads for every given size. The histogram shows there are two peaks in
small RNAs proﬁle in planarians.
Table 2
Mapping statistics of two samples.
Class Unique sRNAs
(int. vs. reg.)
Percent (%)
(int. vs. reg.)
Total sRNAs
(int. vs. reg.)
Percent (%)
(int. vs. reg.)
Total sRNAs 3,784,423 vs.
4,354,548
100% vs.
100%
14,088,359 vs.
12,848,114
100% vs.
100%
Mapping to GTE 172,995 vs.
204,641
4.57% vs.
4.70%
1,441,209 vs.
1,522,926
11.22% vs.
10.81%
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of S. mediterranea and into the transcriptome and ESTs of D. japonica
[25]. S. mediterranea and D. japonica both belong to the family
Dugesiidae. Based on known organism genomes, S. mediterranea is
the closest to D. japonica. The transcriptome of D. japonica has been
recently published [26]. This recent publication is the most accurate
and direct resource to this local planarian. Thus, as a reference the
data of this study were used to map the sRNAs. As shown in
Table 2, 4.57% (in intact sample) and 4.70% (in regenerative sample)
of unique sRNAs were mapped to the genome, transcriptome and
ESTs. This small mapping proportion is due to the genome differences
of species, limited transcriptome information, and sequencing errors.
3.2. Identiﬁcation of conserved miRNAs
Currently known animal miRNAs were searched in the database
miRBase (miRBase16.0) to discover conserved miRNAs [27]. After
Blastn and further sequence analysis, known miRNAs from diverse
animal species were used to identify conserved planarian miRNAs
from the sRNA dataset. A total of 7609 and 7586 unique miRNAs (or
match-miRBase miRNAs) were searched in intact and regenerative
planarian libraries, respectively. miRNAs were always considered to
have several sequence variants caused by inaccurate processings,
base modiﬁcations, and sequencing/PCR errors, among others. To col-
lect more error variants, a strategy was employed to compare match-
miRBase miRNAs with sRNAs using a relaxed limit, wherein 19,618
and 24,711 miRNA variants were obtained, respectively. For each
miRNA gene, one sequence was selected as the reference sequence
from match-miRBase miRNAs. As a result, 202 and 199 conserved
miRNAs were obtained in D. japonica, and were used as the miRNA
data for the current study (Supplementary Materials 1). The two
sample miRNA data were analyzed; 192 were classiﬁed as common
miRNAs, 7 as speciﬁc miRNAs in regenerative animals, and 10 as
speciﬁc miRNAs in intact animals.Table 1
Summary of common and speciﬁc sequences between regenerative and intact samples.
Class Unique sRNAs Percent (%) Total sRNAs Percent (%)
Total sRNAs 6,946,820 100.00% 26,936,473 100.00%
Reg. and int. 1,192,151 17.16% 20,481,302 76.04%
Int. speciﬁc 2,592,272 37.32% 2,875,128 10.67%
Reg. speciﬁc 3,162,397 45.52% 3,580,043 13.29%The pre-miRNAs of these conserved miRNAs were determined by
searching the upstream and downstream sequences of the conserved
miRNAs; 100 perfect stem-loop structures (Supplementary Materials
2) were obtained. Further experimental identiﬁcation of nucleotide
errors would be carried out.
3.3. Analysis of conserved miRNA differential expression
Previous studies on planarian miRNAs were summarized. All pro-
cessing methods of the samples were found to be γ-irradiation
[19,20,22]. These researchers wanted to understand which miRNA
might participate in maintaining neoblasts. However, we consider
that there are different details betweenmaintaining neoblasts and re-
generation. To analyze the changes in the expression of miRNAs dur-
ing planarian regeneration, the roles of miRNAs during regeneration
were explored by handling the samples using intact and regenerative
animals 3 d after amputation. All conserved miRNAs were analyzed
in two samples. Moreover, the scatter plot was generated (Fig. 2).
The scatter plot was modiﬁed to 0.01 in the absence of a miRNA
expression.
We consider that the high expressional miRNA should have a
broad-spectrum function. To include as much high expressional miR-
NAs as possible and to reﬂect the difference between the two librar-
ies, |log2 Ratio|≥0.73, rather than |log2 Ratio|≥1, was selected as
the criteria for selection. Finally, 56 genes with 21 up-regulated and
35 down-regulated genes were found (Supplementary Materials 1).
Especially, we noted that some miRNAs, reported in neoblasts main-
tenance in previous studies, showed high expressions in both sam-
ples. As we think, these miRNAs did not show signiﬁcant difference
between two samples. We consider that the neoblasts maintenance
is a premise of regeneration in planarian, however, the neoblasts
didn't get damaged in this study. This data reﬂected regenerative
changes in twomiRNA proﬁles, and most of miRNAs were ﬁrstly men-
tioned in the present study. These results show that we can considerFig. 2. The scatter plot shows the changes of miRNAs in two samples. The x-axis
indicates the expression level of the regeneration sample, and the y-axis indicates
the expression level of the intact sample.
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but closely related processes.
Before the present test, an experiment has been conducted using
microarray to detect which miRNAs might be involved in planarian
regeneration. A moderately loose screening policy was adopted
because of little planarian miRNA information; ﬁnally, 13 different
miRNAs were obtained [39]. The two results were compared.
Among the 13 different miRNAs obtained, ﬁve miRNAs showed the
same change fold, whereas most of the remaining miRNAs demon-
strated a less differential fold. However, miR-2b-3p and miR-748
were exceptions. Based on microarray analysis, these two showed
1.8-fold and 0.4-fold differences in the regenerative vs. intact animals.
However, they were almost equal in the two samples during this test.
A false positive might has occurred in the microarray, wherein the
error ampliﬁed the fold. Therefore, the ﬁnal validation must be con-
ﬁrmed through further experiments.
3.4. Annotation of sRNAs
To better understand the information of sRNAs, the sRNAs were
annotated using known public databases. All clean sRNA sequences
were analyzed using Rfam 9.1 and Genbank database. Some sRNA
tags may be classiﬁed to more than one category. To make every
unique sRNA give only one annotation, the following priority rule
was followed: rRNA etc. (in which Genbank>Rfam)>known
miRNA>repeat>exon>intron. Hence, after the removal of rRNAs
(5366 vs. 9602), snRNAs (956 vs. 1294), snoRNAs (149 vs. 196), and
tRNAs (5046 vs. 8267), a total of 19,120 and 23,759 miRNA sequences
were obtained in the intact and regenerative samples, respectively
(Table 3).
3.5. Prediction and validation of novel miRNAs
After the identiﬁcation of conserved miRNAs, novel miRNAs were
also identiﬁed using the following strategy. First, the sRNAs that were
not annotated but had good mapping information in genome, tran-
scriptome or ESTs were reexamined. Second, the upstream and
downstream of these sRNAs were searched, and the sRNAs that pos-
sessed prefect stem-loop structure were selected. MiRNA biogenesis
was considered; a sRNA with such standards was likely a real
miRNA. 9 and 10 novel miRNAs in the intact and regenerative sam-
ples were screened, respectively. Finally, 12 novel miRNAs were
obtained in the two samples after removing the repeat sequences
(Supplementary Materials 3).
To validate the novel miRNAs, a stem-loop qRT-PCR strategy was
executed. Stem-loop qRT-PCR is a reliable technique for detecting
and measuring the expression levels of miRNAs, and the validation
of novel miRNAs [28]. Speciﬁc stem-loop primers increase the sensi-
tivity of the reactions such that two miRNAs with only one single nu-
cleotide change could be distinguished. In the present study, this
method was adopted to validate and measure the authenticity of all
novel miRNAs (Fig. 3). Before qRT-PCR was implemented, common
PCR was also conducted for each novel miRNA (data not given).
Both results show that all novel miRNAs are real.Table 3
Distribution of small RNA among different categories in two samples.
Category Unique sRNAs
(int. vs. reg.)
Percent (%)
(int. vs. reg.)
Total 3,784,423 vs. 4,354,538 100% vs. 100%
miRNA 19,120 vs. 23,759 0.51%vs. 0.55%
rRNA 5366 vs. 9602 0.14% vs. 0.22%
snRNA 956 vs. 1294 0.03% vs. 0.03%
snoRNA 149 vs. 196 0.00% vs. 0.00%
tRNA 5046 vs. 8267 0.13% vs. 0.19%3.6. Comparison between S. mediterranea and D. japonica miRNAs
To analyze the difference between S. mediterranea and D. japonica,
an operation was conducted using Blastn (E-valueb0.01), and then
167 sme-miRNAs were hit in Dja-miRNAs data. As we think, miRNAs
are very highly conserved in the two species. We considered that the
special miRNAs of the species might execute a personalization func-
tion in the respective organisms. In particular, two important groups
of miRNAs, neoblasts maintenance miRNAs and regeneration change
miRNAs, were observed in almost the same nucleotide sequences in
the two planarians. Hence, the two planarian main physiological
and biochemical responses might possess the same regulation
mechanism, especially in maintaining stem cells and promoting
regeneration.
3.7. Prediction of regeneration change miRNA targets
To understand better the functions of miRNAs, putative targets of
these miRNAs were predicted using the miRNA forecasting software
miRanda [29,30]. MiRNAs are known to play post-transcriptional
roles through binding mRNAs, therefore miRNAs should show oppo-
site differential expressions with their target mRNAs. To increase ac-
curacy and reduce the workload, the change miRNAs and mRNAs in
intact vs. regenerative animals were matched to predict their rela-
tionship based on the negative correlation of their expressions (up-
regulated miRNAs vs. down-regulated mRNAs and down-regulated
miRNAs vs. up-regulated mRNAs), rather than the whole prediction
of all miRNAs.
The changes in mRNAs were based on a recent sequencing of D. ja-
ponica transcriptome and digital gene expressions (DGEs) [26]. A uni-
gene change was not chosen as an experimental group because a
unigene, as a partial fragment of an mRNA, could not provide 3′-
UTR (miRNA usually binds to this site) because of limited transcrip-
tome information. However, through comparing DGEs and the
known complete mRNAs, seventeen change mRNAs during regenera-
tion were identiﬁed and obtained. To avoid possible sequencing er-
rors, the change miRNAs with high expression were only selected to
predict in this test.
To optimize the predicted results, the rules that the seed sequence
exactly match with 3′-UTR was strictly adhered to. This result pro-
vides a very good platform to analyze the relationship between
mRNAs and miRNAs in planarian regeneration. As the release of
increasing mRNAs, this result is being expanded. And the following
experimental veriﬁcations would be carried out in the future to
prove this result.
In the test, one miRNA targeted more than one miRNA, whereas
one mRNA was bound to several miRNAs (Supplementary Materials
4). As we know, it is consistent with the basic feature of miRNA.
We noted that most of screened mRNAs had a central function
in development and regeneration. The good matching between
miRNAs with these mRNAs reﬂected that miRNAs might participate
in these signiﬁcant processes. Particularly, many down-regulated
miRNAs show ﬁne match with β-catenin. Wnt/β-betanin signaling
pathway is widely reported and studied in planarian regenerativeTotal sRNAs
(int. vs. reg.)
Percent (%)
(int. vs. reg.)
12,848,114 vs. 14,088,359 100% vs. 100%
1,053,961 vs. 989,224 8.20%vs. 7.02%
24,992 vs. 38,806 0.19% vs. 0.28%
4392 vs. 6882 0.03% vs. 0.05%
316 vs. 460 0.00% vs. 0.00%
81,573 vs. 118,234 0.63% vs. 0.84%
Fig. 3. An ampliﬁcation plot shows qRT-PCR validation of the novel miRNAs using high through-put sequencing technology.
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generation polarity requires components of canonical wnt signaling.
The inhibition of elements of wnt signaling pathways, such as β-
catenin-1, Dvl1/2, Wntless, wntp-1, and APC caused animals to re-
generate two heads or tails after amputation. The innexin gap junc-
tion channel gene innexin11 in speculative miRNA targets and
smedinx-11 RNAi treatment could inhibit regeneration and abrogate
neoblasts maintenance. Otherwise, the heat shock proteins are re-
ferred to as stress proteins, and their up-regulation is sometimes
described more generally as part of the stress response. Amputation
triggers homeostatic change, and micro-environment around the
wound pushes stem cell migration to form blastema. Therefore,
the up-regulation of hsp70 in the present study was probably in-
duced by amputation. Another three of the speculation targets
were expressed in neoblasts and neurons, and miRNAs may be in-
volved in planarian regeneration and brain formation. Data of the
present study indicate that miRNAs are probably involved in
many regenerating processes. However, studies on miRNA function
are believed to be few. Therefore, results of the present study serve
as a good foundation for future research.
3.8. Most other sRNAs are piRNAs
Through public database comparisons, partly annotated sRNAs
that accounted for 8% to 9% of the data on the two sRNAs were
obtained. The length of these sequences was mainly around 22nt,
therefore the annotated sRNAs were mainly miRNAs.
To analyze further the remaining small RNAs, Palakodeti's classi-
ﬁcation and description of small RNAs were used as the reference;
in addition, the remaining RNAs were suggested to be piRNAs
[20]. Hence, the reads between 24nt and 37nt were selected and
regarded as piRNAs, although a direct physical interaction between
these RNAs and any of D. japonica Piwi proteins is yet to be proven.
After classiﬁcation, a diverse number of sequences were counted(6.5 million unique sequences in the present data), which might
contain sequencing errors and fragments of mRNAs and other
RNAs. In order to ease the study, a part of the vast amounts of
data was selected for further analysis. We considered the low-
copy sequences might have many sequencing errors and weaker ef-
fect in biological response. Hence, the sequence with more than
100 expressions in the two samples was selected for further analy-
sis. Finally, 21,093 sequences were obtained and regarded as a
piRNA database (Supplementary Materials 5). This database was
then used instead of the vast one to describe the planarian piRNA
of D. japonica.
The biogenesis model proposes that piRNAs are generated through
iterative Piwi-mediated cleavage of transcripts with complementary
sequence (the “ping–pong” ampliﬁcation mechanism) [32–34]. Fried-
länder and his colleagues showed that piRNAs are partly organized in
genomic clusters, and that they share characteristic features with
mammalian and ﬂy piRNAs in S. mediterranea. Friedländer's model
was used as a reference to analyze the base distribution of the piRNAs
in D. japonica. A bias toward the beginning uracil and an adenosine at
position 10 was found (Fig. 4), which was also identiﬁed with mam-
malian and ﬂy piRNAs.
Further observation of the characteristic details of planarian D.
japonica piRNAs could not be performed because its genome is not
available. However, the current planarian information was used to
map the piRNA database into the smed-genome, Dja-transcriptome
and ESTs. A total of 1929 piRNAs (Supplementary Materials 5) were
obtained. A scatter plot of piRNAs was also generated by referring to
miRNAs (Fig. 5). In the scatter plot, if the expression of piRNA was
not detected, it would be modiﬁed to 0.01.
The piRNAs in the two samples were compared to identify regen-
eration change piRNAs, and they were considered as signiﬁcant roles
in planarian regeneration. Forty-four up/down-regulated piRNAs
(Supplementary Materials 5) were found and determined as partici-
pants in regeneration and stem cell differentiation.
Fig. 4. Sequence biases of piRNAs. The x-axis shows nucleotide positions from the 5′
end, and the y-axis represents nucleotide percents.
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4.1. Two unique nucleotide peaks are mainly miRNAs and piRNAs
In the electrophoretic gels, two distinct peaks at nucleotides ~22
and ~32 were found, respectively. The length distribution of clean
sRNAs was analyzed. As expected, the peak details emerged in the
histogram (Fig. 1). In annotative sRNAs, miRNAs and piRNAs
accounted for the vast majority. Of all the clean sRNAs, ~8% and
~86% were miRNAs and piRNAs, respectively. The histogram showed
a similar proportion in the ~22nt and ~32nt peak. Based on a related
research on miRNAs and piRNAs, the ~22nt peak was believed to be
miRNAs, whereas the other was piRNAs in the planarian. According
to this data, the small RNAs in planarian are mainly miRNAs
and piRNAs.
4.2. Diversity of sRNAs in D. japonica
Using deep sequencing method, sRNA species in D. japonica
were annotated. To our knowledge, the current study is the ﬁrst
to report such large number of sRNAs in D. japonica. Two nucleo-
tide peaks in ~22nt and ~32nt were found and identiﬁed asFig. 5. The scatter plot shows the changes of piRNAs in two samples. The x-axis indi-
cates the expression level of the regeneration sample, and the y-axis indicates the
expression level of the intact sample.miRNA and piRNA peaks, respectively, by comparing known public
databases and referring to piRNA biogenesis. A total of 209 unique
miRNAs and 6.5 million piRNAs were obtained. Analysis on miRNAs
and high expressional piRNAs was conducted and change expres-
sional sRNAs in the two samples were screened as regeneration re-
lated sRNAs. We were shocked to ﬁnd that the planarian D.
japonica had 6.5 million piRNAs, when referring to the report of
Friedländer about 1.2 million unique piRNAs in S. mediterranea.
Hence, the piRNA data of the present study might contain other
sRNAs, such mRNA fragments. An effective method for ﬁltering is
still lacking because of the limited information on D. japonica.
However, we realized that the fragment breakage of mRNAs should
be random, and the fragments were unlikely to have a high expres-
sion. Moreover, compared with sRNAs with low expressions, sRNAs
with high expressions always have a more powerful role. Based on
these considerations, high expressional piRNAs were selected as
the sample to analyze planarian piRNA feature. From this sample,
D. japonica was found to share speciﬁc characteristics with mam-
malian and ﬂy piRNAs in nucleotide preference in the 5′ end and
position 10.4.3. Potential roles of planarian sRNAs
miRNAs play very important roles in regulating gene expression
by base paring to mRNAs via either mRNA cleavage or translation re-
pression [13]. In the present data, the putative targets of partial
miRNAs were predicted. The miRNA was found to be well matched
with many crucial mRNAs, therefore the miRNAs should participate
in neoblasts maintenance, migration, proliferation, wound environ-
ment regulation and so on. To date, reports on planarian miRNA and
its targets are still lacking. By contrast, similar studies have been
published repeatedly in other organisms. Related research is expected
to be implemented in the near future.
In mammals and ﬂies, piRNAs are expressed in germline cells and
have been identiﬁed as the key players in germline development
[17,18]. In planarians, piRNAs are predominantly expressed in neo-
blasts. Furthermore, when the piRNA-associated protein Piwi is inter-
fered, planarians lose their regeneration capability [20]. Therefore,
piRNAs mainly play roles in maintaining stem cells and regeneration.
Further experiments are necessary to study their speciﬁc roles.4.4. Two signiﬁcant miRNA groups in planarians
We considered planarian regeneration mainly contained wound
healing, neoblasts proliferation, neoblasts migration, neoblasts differ-
entiation and etc., and there were many signaling pathways during
these processes. Previous studies on planarian miRNAs mainly in-
volve neoblasts maintenance. Particularly, Friedländer et al. have
screened the important roles of 13 miRNAs in neoblasts maintenance.
The present study focused on regeneration change miRNAs and
screened the other groups as regeneration-related miRNAs. We
choose animals that regenerated 3 days after amputation to compare
with intact ones. In this period, the blastema has formed and the post-
blastema undergoes a drastic proliferation to supply blastema differen-
tiation. Hence, we considered that these regeneration-related miRNAs
have roles in proliferation and differentiation at least in this study.
Comparison of the two groups with change expression revealed that
their compositions are very different. Neoblasts maintenance and re-
generation were treated as independent processes; however, miR-71b
is a signiﬁcant element in both processes because it was detected in
the two groups; therefore, neoblasts maintenance and regeneration
are closely correlated.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ygeno.2012.03.001.
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